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Status  of  Effort: 

Our  work  this  year  has  focused  on:  1)  design  and  synthesis  of  highly l^“ubm^2) 

optical  chromophores  with  optimized  the™^  J  Pchromophores  onto  high 

development  of  new  synthetic  schemes  to  covalently  a  0f 

fetnperature  polymers  and  effectively  “harden”  these  ma.enals  to  facilitate  the  processes  of 
fabricating  single-mode  channel  waveguides  and  efficient  electric  field  polin&. 

Accomplishments  and  New  Findings: 

We  have  made  significant  breakthrough  in  the  E-0  polymers  via  the  successful 
development  of  chromophores  and  polymer  synthesis. 

*  Chromophore  Development 

A  series  of  highly  efficient,  chemically  and  thermally  stable  (>310  °C)  nonlinear  optictd 
chromophores  were  prepared  through  the  replacement  of  the  most  reactive  CN  group 
tricyanovinylthiophene  derivatives  with  perfluoroaryl  units. 

In  practice,  polymer  based  electro-optic  (E-O)  devices  require  that  nonlinear  optical 
(NLO)  polymers  possess  excellent  E-O  properties.  The  large  E-0  coefficient  (r33)  o  aP  y 
is  generally  realized  by  aligning  the  dipole  moment  (a)  of  efficient  NLO  chromophores  with 
hi  ah  external  electric  field  at  a  temperature  above  the  glass-transition  temperature  (T6) 
polymer.  Therefore,  chromophores  with  large  molecular  nonlinearity  (p)  arc  cnici 
advancement  of  NLO  polymers,  and  have  drawn  interests  upon  their  theory-guided  design 
srate  of-re  Lt  synthesis.  Among  them,  a  series  of  highly  polarizable  chromophores  based  on 
the  tricyanovinyl-substituted  heteroaromatic  chromophores  have  demonstrated  very  1  re 
Ba  vahles  Although  poled  E-O  polymers  with  these  chromophores  incorporated  either  as  a 
euest  in  a  host  polymer  or  as  a  side-chain  polymer  have  exhibited  large  electro-optic  coefficients 
fr  1  there  are  several  deficiencies  associated  with  these  materials.  (Figure  la)  For  instance  the 
tZ  of6 .he  tiicyanovinyl  acceptor  it  very  susceptible  , o 
mav  easily  diminish  the  nonlinearity  of  the  chromophores.  On  the  other  hand,  the  flat  structure 
of  these  highly  charge-transfer  chromophores  have  a  strong  tendency  to  form  aggrega 
"raffia  duel  iutenuolecular  eLtrostatic  interactions.  ™-csute  m  alowepo ^ 

heotafluorotolyl-dicyanovmyl  (HFTD)  acceptors  were  aaapicu  h  lh  - 
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greatly  improves  the  chemical  stability  of  ^enved 

<he  simple  MOPAC  molecmer  modelrng,  the  P  to  t  inttrmolecular 

i*  enhmee  She  polins 

efficiency  and  decrease  the  scattering-induced  optical  loss. 


^p  be  easily  attacked 
CN 


^P  easily  aggregate 


►=/  y*-i  prevent  the  attack  and 
maintain  tfie  strength  f 


^  decrease  Intermolecular 


static  interaction 


Figure  1 

The  general  synthetic  route  for  the  a-perfluoroaryl-dicyanovinyl  containing 
chromophores  is  shown  in  Scheme  1.  The  tetrafluoropyridinyl  lithium  was  prepared  by  the 
lithiation  of  tetrafluoropyridine  with  n-BuLi  at  -70  °C.  The  heptafluorotolyl  lithium  was 
generated  by  the  lithium-halogen  exchange  reaction  of  the  p-heptafluorotolyl  brmmde  with  2  eq. 
of  f-BuLi  at  -78  °C.  To  the  prepared  perfluoroaryl  lithium  solutions  m  THF  at  -7U  U 
tricyanovinyl  chromophores  were  added  neat  in  one  portion  and  the  reaction  mixtures  were 
stirred  at  -70  °C  for  1  hour  then  warmed  slowly  to  room  temperature  to  give  compounds  la-3a 
and  lb-3b  after  purification  by  silica  gel  chromatography.  All  of  the  compounds  were  fully 

characterized  by  lH  NMR  and.  elemental  analysis.  _ 

The  chemical  stability  of  the  chromophores  to  a  nucleophile  was  tested  m  a  chloroform 

solution  ^tvTsaturated  with  a  large  excess  of  diethyl ’amine.  The  UV  vis 

of  these  perfluoroaryl-dicyanovinyl  containing  chromophores  showed  excellent  chem 
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.lability  in  a  nucleophilic  environment  (Figure  2),  unlike  their  mcyanovinyl  analog  which  was 
almost  instantaneously  decolored. 


Scheme  1 


Wavelength  (nm) 


Figure  2 
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The  charge-transfer  (CT)  properties, 

stability  of  these  chromophores  are  shown  in  Table  ^ Jh  ^  CQJ  ding 

containing  chromophores  have  a  Hfoxane  are  located  at  595  and 

tricyanovinyl  counterparts.  For  \n^ce’th®^^  Ration  of  the  absorption  band  from  the  ’ 

optical  loss  However,  the  blue-shifted  of  both  chromophores  also  indicated  a  decrease  m 
streneth  of  the  new  electron  acceptors.  This  notion  was  supported  by  the ' 
measurements  using  cyclic  voltammetry  (CV).  The  new  chromophores  bo*  P“S“Sr 

higher  reduction  potentials  at  -1.02  V  and  -1.04  V,  respectively  when  compared  to  -0.80  V 

their  parent  compound  1. 

Wnm)‘  E’o«(V)>  Td(«C)‘ 


a)  In  a  dllu®  dioxane  solution 

b)  in  aClCH2CH2CI  solution  of  Bu.NPF«  (0.1  M).  v.s.  Ag’/Ag 
C)  saaled-pan  DSC  measurement  In  Nj.  20  “C/min 

Table  1 

Thermal  stability  measurements  using  the  sealed  pan  differential  scanning  calorimetry 
(DSC)  revealed  that  these  chromophores  possess  excellent  thermal  stability  (310-390  C)  w  ic 

is  much  higher  than  that  of  1  (240  °C).  .  ... 

The  optical  and  E-O  studies  were  performed  on  the  polymers  (guest/host)  in  which 
chromophores  la  and  lb  (25  wt.%)  were  formulated  into  polyquinoline  (PQ-100).  Optical 
quality  thin  films  were  spin-coated  onto  glass  slides  and  indium-tin-oxide  (ITO)  glass  substrates 
using  a  12  %  w/w  solution  of  the  resin  in  cyclopentanone.  These  films  were  heated  at  85  C  in 
vacuum  for  24  h  and  then  were  briefly  baked  on  a  hot  stage  (160  °C)  under  nitrogen  for  20  mm 
to  remove  the  residual  solvent.  The  dipole  alignment  of  the  chromophores  was  achieved  by 
poling  with  a  high  electric  field  of  1.0  MV/cm  at  200  °C.  The  r33  values  of  NLO  polyquinolme 
films  of  la  and  lb  were  32  pm/V  and  28  pm/V  at  1.3  urn.  The  slight  decrease  in  the  E-O 
coefficients  when  compared  to  1  may  be  attributed  to  several  factors,  such  as  the  lower  number 
density  of  la  and  lb  because  of  the  higher  molecular  weights  of  these  compounds,  and  the 

weaker  electron  withdrawing  ability  of  perfluoroaryl-dicyanovinyl. 

The  optical  loss  of  the  NLO  polymer  films  (<  2  dB/cm  measured  at  1.3  m)  is  much  less 
than  the  6.0  dB/cm  for  a  similar  film  contains  a  tricyanovinyl  substituted  chromophore.  This 
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supports  our  hypothesis  that  the  3-D  structure  of  these  petBudroaryidicyanvinyl  .roups  wUl 
prevent  chromophores  from  forming  aggregat  . 

Electro-optic  polymers  development 

A  series  of  novei  second-order  nonlinear  optical 

silicon-perfluorocyclobutane  (PFCB)  ha'’e  “n  ^  ffl(trifluorovinyle(her>containing  NLO 
usina  the  crosslinking  reaction  between  the  ^truiuoro  j  ^  oc  The 

chromophores  and  the  great  tolerance  to  very  sensitive 

radical-mediated,  stepwise  cycloa  1 1  *  variety  of  NLO  chromophores  could  be 

functional  groups,  such  as  the  tncyanovinyl  ac  p  ^  uJinary  resu]ts  have  indicated  these 

desirable  thermal,  nonlinear  optical,  and  mechanical  properties. 

However,  w  uiuc  nnivniers  with  NLO  chromophores  as  side-chain,  or  cross 

glass-transition  temperature  (Jg)  p  y  •  ,  ■  .u-. _ nlvrner  network  Xypically, 

ehromophore-eonttumug  monomers  °'bI®PP”!JK  or  poiyqujnolmes.  Unfortunately, 

"  *e  the  h£sh  acidic/basic  conditions  at  high 

temperances^  perfluor0Cyclobutane(PFCB)-containing  polymers  have  been  studied  as  a 

unique  class  of  fluoropolymers  with  a  combination  of  excellent  properties,  sue  as 
unique  class  oi  w  F  j  hi gh  glass-transition  temperature,  and  optical 

dielectric  constant  good  thermal  «***£*£  the  radical-mediated  thermal  cyclo¬ 
transparency.  PFCB  polymers  are  p  P  j .  f  ^ s  methodoIogy  was  demonstrated 

thtfstuTwe  report  a  novei 

chromophores  into  FFC3 apphc  a^,  ^  ^  ^  Qf  NLO 

the  unique  combination  of  properties  offered  oy  P  >  }  such  as  the 

“ryT^Sd  ‘Xi,Cy“  So  PFCB  poiymers  without  decomposing 

chromophores  or  inhibiting  polymerization  (Scheme  1).  m  .  ,ds  (>95%)  by 

the  asdescri^d in^S^OTie*!!1^!!"! 

horcsy"e  tyE;"ecTd  JusTabove  140  -C  by  DSC  (10  -Omin)  with  reaction 
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profiles  similar  to  that  of  general  di(mflu<^™yk*«)  «>mp  d  F  p ,16  kcaVmol 

of  3c  showed  a  peak  polymer.zat.on  temper™,  a *  M3 iC  andga “  p^hed  by  simply 
per  perfluoroalkene  linkage.  Consequently,  atmosphere  a.  150-250 

heating  the  neat  monomers  or  the  solution  0 1  “  nolymerization  process  is  a  radical- 

°C  The  NLO  chromophores  remained  mtact  since  the  poly  Th}  is  verv 

medial  itepwise  addition  that  is  followed  by  a  rapid  ring  cychzauon  (Scheme  2).  This  .s  very 
from  the  conventional  radical  and  condensation  polymerization. 


Scheme  1 


The  linear  NLO  polymers  6a-e  obtained  by  bulk  polymerization  of  3  at  180-250  "C  had 

molecufer  weights  ranging  from  30.00C .to  60  <XX >  bnt rdatively  ow  f.-^^mophorS 
tc\  hiffh  chromophore  concentrations  (38-51  wt  / o j.  in  ora  r  J  , 
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40  %,  w/w).  Optical  quality  thro  ’tjTatdlow  thtmm" be'roeltcd?  reflowed  and 

prepolymers  have  low  rgs  or  melting  pom  (  » )  rf  ^  NLO  PFCB  thermosets 

efficiently  crosslinked  m  thm  films  at  18  -2  ;  „  Weight  losses  of  <3%  up  to  350 

have  high  T.OM0  °C)  and  excellent  the^Utab ^  NLQ  polymers.  Most 

importimtlyHhese  b^i^PFClf  thermorets  possessed  excellent  solvent  -stance,  which  is  highly 
desirable  for  multilayer  process  in  the  fabrication  of  E-0  devices. 


Y  Y 

r'O-ArO  F 


F 

F 

O-Ar— 


Scheme  2 


Polymers  Chromophore 
density 
(w/w%) 

7b  30“ 

7c  25 

7d  20 

7e  25 


Weight  loss  2^ 
at  350  °Cb  (nm)c 


Loss 

(dB/cm)d 


TE 

1.5855 

1.5670 


TM 

1.5840 

1.5634 


1.5454  1.5413 

1.5752  1.5711 


I DSC  (10  °C/min)  in  nitrogen. 0  TGA  (10  °C/min)  in  nitrogen. 6  In  film. d  At  830  nm  tor  polymer 
7b-7d  and  at  1300  nm  for  polymer  7e. 

Table  1 

In  order  to  measure  the  stability  of  NLO  chromophore  dunng  the  crosstinkinE  reaction^ 
thin  film  samples  of  the  NLO  prepolymers  were  isothermally  heated  on  a  hot  sta  e  at 
mlemles  betwecnlM  and  275  "C  under  N,  at  25  °C  intervals  for  20  min.  The  it-rt  charge 
transfer  absorption  band  of  the  chroroophores  was  used  to  monitor  tire  extent  of  decompositiorr 
NLO  prepolymer  7c  possessed  a  high  stability  similar  to  that  of  tire  side-chain  polyqumo 

the  LTnLO  chromophore  (Figure  1).  indicating  that  the  chromophore  can  ioiera  e  Ae 
radical  intermediate  during  the  polymerization.  It  is  noteworthy  that highly  cfficmu 
tricyanovinyl-styrylthiophene-based  chromophore  can  also  be  incorporated  into  the  therm 

NL0  P  The  NLO  polymers  have  refractive  indices  ranging  from  1.541  to  ®w‘*  lo^ 
birefringence  (0.002-0.004)  and  optical  loss  (2-3  dB/cm)  for  polymer  7c-d  at  O-M  pm  and 
nnlvmer  7e  at  1  3  am  (Table  1)  They  were  measured  by  the  prism  coupling  and  streak  method 
in  aMetricon  system uYtag  2-3  pm  thin  films  on  glass  substrates.  The  low  optical  anisotropy 
may  "u.efto  tire  isclopi/structures  of  there  polymers  originating  ftom 
of  cis  and  irons  linkages  in  the  1,2-peifluoiocyclobutyl  ether  morenea  ^JSraSed 

ts^sssssi:  ssssssssaasa- 
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,  ,  ,  _  .t  i  on  cp  f0r  o  5  h  to  ensure  removal  of  the  residual 

The  films  were  heated  m  »  vaccmm  c »  en ^80  Cf^  ^  ^  resulting  j.2  polymer 

solvent.  Thin  gold  electrodes  (—20  nm)  p  ^  at  ion  °C  under  nitrogen. 

temporal  sxao  y  J  f  00iYmer  7e  retained  approximately  80%  of  its 

origiifaWalue  at  85  °C  for  more  than  1000  hours.  Further  optimizations  of  temporal  stability  and 
E-0  activity  of  these  materials  are  currently  under  investigation. 


"§  60 


■  7c 
□  PQ-CM 


180  200  225  250  275 

Temperature  (°C) 


Figure  1 


In  conclusion,  we  have  demonstrated  a  new  and  efficient  approach  for  synthesizing  novel 
second-order  NLO  polymers  by  utilizing  radical-mediated,  stepwise  cycloaddition 
polymerization  reaction.  The  resulting  NLO  PFCB  polymers  exhibited  excellent  processability 
small  optical  anisotropy,  low  optical  loss,  and  very  good  thermal,  nonhnear optica^ I  end 
mechanical  properties.  The  extension  of  this  method  to  other  functional  PFCB  polymers  for 
light-emitting  diodes  is  currently  in  progress. 
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d)  Printed  technical  reports 
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Interactions-Transition 

a)  Invited  presentations 

1.  Alex  Jen,  “Binaphthyl-Based  Conjugated  Polymers  for  Light-Emitting  Diodes”,  Society 
of  Information  and  Displays,  San  Diego,  CA.,  November  7, 1999.  p, 

0  Alex  Jen  “High  Performance  Perfluorocyclobutane-Containmg  Polymers  for  Electro 

Optic  ani  Ugtat-1 Sting  Applications",  American  Chemical  Society  National  Meeting, 

San  Francisco,  CA.,  March  28, 2000.  ^ 

3.  Alex  Jen,  “High-Performance  Electro-Optic  Materials:  From  Molecules  to  Devrce 

Applications”,  B  ay  Area  Golden  Gate  Polymer  Forum,  C A,  May  } 1 »  •  .  . 

4  Alex  Jen,  “Multifunctional  Polyquinolines  for  Electro-Optic  and  Laght-Emimg 
Applications”,  Materials  Research  Society  Meeting,  San  Franciso,  CA,  Apnl  26,  1999. 

b)  Contributed  presentations 

1  Alex  Jen,  “High-Performance  Side-Chain  Polyquinolines  and  Perfluorocyclobutane- 

Containmg  Thermoset  Polymers  for  Electro-Optic  Applications”,  Materials  Research 

Society  Meeting,  Boston,  MA,  November  29, 1999,  .  .  XT  , 

2  Alex  Jen,  “Poly(binaphthylenevinylene-alt-phenylene  vmylene)  Derivatives:  Nove 

Luminescent  Polymers  for  Light-Emitting  Devices”,  Materials  Research  Society 

Meeting,  Boston,  MA,  November  29, 1999; 

3  Alex  Jen,  “Multifunctional  Polyquinolines  for  Electro-Optic  and  Light-Emi  g 
Applications”,  Santa  Clara,  CA,  October  18, 1999. 

c)  Transition 

We  have  been  working  with  Lockheed-Martin  (Susan  Ermer)  U.  of  Arizona  Pave 
Methine)  to  transfer  the  high  performance  E-0  polymers  for  testing  and  fabncat  on  of  de  ick. 
rSul^  Lockheed-Martin  is  interested  in  using  these  materials  for  the  fabrication  of  high 
soeed  E-0  modulators.  University  of  Arizona’s  Optical  Science  Center  is  intereste  in  using  e 
highly  efficient  polymers  that  we  developed  for  the  fabrication  of  high  speed  glass/polymer 

hybrid  modulators. 


